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SUMMARY 

A n  experimental  investigation was made in the Langley  low-turbulence 
tunnel of the effectiveness of several  configurations .of vortex gener- '-- 

ators in increasing  the maximum l i f t  of a 6-percent-thick  symmetrical 
circular-arc  airfoil   section. L i f t  measurements at  a Reynolds number 
of 2.0 X 10 6 and a Makh nmiber l e s s  than 0.-2 indicated that none of the 
configurations  tested  substantially  increased the naxhmm l i f t  of the 

P. 

V circular-arc  section (the greatest  increase was h a s  than 0.1). 

Although the  generators  decreased  the  extent of local  separation 
from the leading edge at the lower angles of attack,  the  majority of the 
configurations  failed t o  produce vort ices   a t  the angles of a t tack  just  
bel& s t a l l  because the  generators were enveloped  by the separated  region. 
Even f o r  vortex  generators swept forward of the  leading edge of  the  a i r -  
f o i l ,  the  vortices which were produced throughout the  angle-of-attack 
range were not  sufficiently  strong t o  effect  a reattachment of the  strong 
separation from the  leading edge a t  the  higher  angles of attabk. 

INTRODUCTION 

The use of thin a i r f o i l  sections  has been found t o  be advantageous 
' on high-speed aircraft,  but  the maximum lift coefficient  obtainable with 

most a i r fo i l s  of t h i s  type i s  limited to   re la t ively low values because 
the stall  occurs a t  a relatively low angle of attack a a  a resul t  of  poor 

. boundary-layer f l o w  conditions  near  the  leading edge. 
1 

.. A method of increasing the maximum lift of a i r fo i l s ,  ba8ed on 
directly  altering  the boundary-layer flow, is  'presented in reference 1. 
In this method, a row of. small auxiliary  airfoils  or  vortex  generators 
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is  mounted perpendicular t o  - the  airfoil .   surface md dcmg  the span t- 

This system uti l izes   the induced vortex  generated a t   t h e   t i p  of the 
.: Ermall l i f t i n g   a i r f o i l  as a means of mixing the high-energy air of the 

maFn stream and the low-energg air in the boundary layer. This mfxing, .I 

therefore,   al ters  the boundary-layer velocity  dietributim such that 
sepa;raticm i s  prevented or, a t  least; delayed. It i s  shown in refer- 
ence 1 that the maximum l i f t  coefficient of the NACA 23012 a i r f o i l  aec- 
t im r u a ~  be increased by approximately 30 percent-as a resu l t  of delaying 
the stall (due t o  turbulent- boundary-layer  sepasation frm the t r a i l i ng  
edge) t o  a higher angle of attack by means of vortex  generators. 

./ 

The effectiveness of  vortex  generators as a f l u i d  mixing device and 
in  preventing the separation. of t u rbden t  boundary layers has been deman- 
s t ra ted   in  a nmbr of cases  (ref. 2) ,  but the effectiveness of the 
generators i n  reducing  the  extent of the  separated boundmy layer near 
the leading edge of a i r f o i l s  was n o t  known. Consequently, it was decided 
t o  inves-t;i@te the  effects of several  asrmgements of vortex  generators 
an the & m m  lift characterist ics of a thin, sharp-nosed a i r f o i l  . 
section. 

. .  

The experimental  Investigation was conducted in the Langley low- 
turbulence  tunnel.  Lift measurements were made of a 6-percent-thick 
symmetriosl  circulaz-arc airfoil sectfan at- a Reynolds nmbsr of 2.0 X 10 6 4. 

and a Mack nmber less  than 0.2 for both the p l ~ i n  airfoil  and for the 
a i r f o i l  equipped with several  configurations of vortex  generators. In c 

addition, lFmited pressure-distribution and boundaq-la;ger velocity pro- 
f i l e  measurements were made on the plain a i r f o i l  and on me  vortex- 
generator canfiguration; limited tuft surveys were also made on several 
generator  configwations. These studiea axe presented and analyzed 
herein I 

SYMBOLS 

C 

cg 

CZ 

=0 

'vortex-merator semispan, measured frm generator t i p  t o  
surface of basic  airfoil ,  in. 

a i r f o i l  chord, in. 

vortex-generator chord, In. 
section l i f t -  coefficient 
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P 10ca1- static  pressure, ~ b / s q  in. 
Y g0 free-stream ~ a m i c  pressure, ~ b / s q  fn. 

s .  pressure coefficient, H, - P 
s, 

U local  velocity  inside boundary layer, fps 

U local.  velocity  outside boundasy layer, fps 

x chordwise coordinate, in. 
Y coordinate above airfoil surface (normal t o  airfoil 

surface) , in. 

PspARATUs m TESTS 

* W F n d  tunnel and model . -  The experhental  investigation was con- 

- %foot  dlmensim. L i f t  ITleaSurErrneRts were made by taking the  difference 

ducted in the Langley low-turbulence  tunnel. The test section was 
3 fee t  by 7-5 fee t  and the model, when mounted, completely spmned t h e  

b&men the w e e m e  reactian on the f loo r  and ceil ing of t h e  tunnel. 
A more ccanplete description of the  tunnel and the method of obtaining 
and reducing  the data may be found Fn reference 3. 

A l l  measurements were made on a 24-inch-chord machined steel model 
. of a 6-percent-thick  symmetricd c i r c u l ~ - m c   a i r f o i l   s e c t i o n .  The 

d e l  was painted  with  lacquer -an& sanded wfth  no. 400 carborundum 
pcaper to  obtain a m m t h  surface. The ordinates of '&e a i r f o i l  section 
are presented in table I. 

Recta;ngular a i r f o i l s  of two sizes ($ = 1 In. and cg = I in.; 
- =  2 In. and cg = 1.5 in.) were used as vortex gdnerators. These 
2 
airfoils -re made of mahogany ad. machined approximately to  the ordi- 
m - b ~  of the NACA 6415 a i r fo i1 , sec t im   ( r e f .  4) .  The generators were 
attached t o  the basic a i r f o i l  in various c d i g u r a t i m s  as shown in 
figure 1 and deacribed in   t ab le  II . 

Tests .- L i f t  measurements were. mde of the pla in   a i r fo i l  and the 
9 

var ious   co~igura t ions  of  vortex generatars at a Reynolds nurmber 
of 2 .o x 10 . The Mach number of dl t e s t s  was l ess  than 0.2. The lift 
data were corrected f o r  tunnel-wall effects  .accQrding t o  the methods of 
reference 5 .  Chordwlse pressure  diskibutiom and bomdmy-layer 
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velocitg  profiles were measured a t  an angle of attack of 6O on the  for- 
ward portion of the p la in   a i r fo i l  and m m e  ccrnfiguration of vortex 
generators Vertical  surveys of s t a t i c  and total pressure were made 
with multitube  pressure rakes which consisted of four static-pressure 
tubes and four  total-pressure  tubes. The tubes wem made of s t ee l  hypo- 
dermic tubing  having an outside  diameter of 0.040 inch and a w a l l  thick- 
ness of 0.003 Lnch.  The total-preesure 'tubes were flattened at  the ends 
mtil the opening a t  the mouth of the tube was 0.006 inch. Tube heights 
l e a s  than 0.1 inch.from  the  surface were measured with a micrometer 
microscope and tube  heights @?eater than 0.1 inch were measured with a 
scale graduated in hmdredths of an inch. One static-pressure tube was 
kept on the surface of the a i r f o i l  t o  measure the chordwise pressure 
distribution, and the ver t ical  s w e y s  of s t a t i c  and t o t a l  pressure were 
combined t o  give the veloci ty   dis t r ibut im th rough the born- layer. 
It should be emphasized that these meEtBuTements can be considered aa coaly 
qud i t a t ive  because the  vortices and sepmated f low tended t o  came 
fluctuations i n  both local  speed and lma l  d i r e c t i m  of the flow 
Pesulting in indeterminable errors in the pressure measurementso 

The over-all   effects of the generators an the flow for  some of the 
configurations were studied qualitatively by inems of short wool tufts 
placed on the   a i r fo i l  s u r f m e ,  on the tips of the generators, and on 
smallmasts attached  to the sur face  of the model. 

RESULTS AND DIS(JUSSI0N 

The subsequmt discussian  considers  the  effectivenese of the mrious  
vortex-generator cmfiguratians w i t h  respect t o  their Fnfluence m the 
nmdmxn lift of the   a i r fo i l .  

Effectiveness of a single row of vortex generators near the leading 
ea@.- Criteria for the placement o f  vortex generators i n  re la t ion   to  
the separation point were recommnded in reference 2. F'm the  present 
Investigation of leading-edge separation, however, these  cr i ter ia  m e  
n o t  applicable. It W&E considered  necessary t o  place the generators as 

order t o  permit the mixing action t o  be effective over as much of the 
sepmated region as possible 

I close to  the leading edge ~s was cmvenfent for momting  purposes in 

Y 

The first configuration  tested (cornfiguraticm I) was composed of 
generators of 1-inch chord and 1-Fnch semispan placed with their quarter 
chord 1 inch (0.0416,) behind the leading edge of the circular-mc air- 
f o i l  s e c t i m  and spaced every 2 inches  along  the s ~ .  Figure 2 preaents 
the l i f t  curves measured for   the   p la in   a i r fo i l  and for ccrnfi ations I ( a )  

, t o  l (d)  with the  vmtex  generators a t  w e e  of attack of 10y15°, !20°, 
and 250. The faired l i n e  of configuration I(a) tn f i g w e  2 is  based cm w 
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the  slopes of the other lift curves. The vortex  generators proved t o  be 
relatively  ineffective in increasing  the mraPfmumlift of the basic air- 
f o i l .  The increase in lift coefficient  mounted t o  less than 0.1 and 
was very s1tghtl.y chmged by vmying the angle of attack of the 
generators. 

Ln the absence of an appreciable Fncrease in maximmum l i f t  coef- 
f ic ient ,  it was decided t o  deternrine the flow changes brought about by 
the  vortex  generators  before  testing any other  cmfiguratians. For this 
purpose,,  chordwise surveys were made of the surface pressures and the 
boundary-layer profiles over the forward part  of the plaln a i r f o i l  and 

- configuration I(b) a t  an angle of attack of 6O. a surface preseure 
distributions m e  presented in figure 3 as  plots of pressure  coef- 
f ic ien t  S against' chordwise position  x/c. A diagram def- the 
three spanwise. statiane at which both  the surface pressure and boundary- 
layer measurements of configuration 1 m r e  made is  also shown in f ig-  
ure 3 .  The pressure-distribution data indicate  that, a t  an angle of 
attack of 6 O ,  t h e  generators have probably been effective in increasing 
the peak pressures of t h e  a s t r i b u t i m  and, consquantly,  decreasing the 
extent of separated flaw near the IeadFng edge 'of the a i r fo i l .  The 
extent of these changes  cannot  be determined becauee the  presence of the 
generators did not  permit  measurm0n.t~ In this region. 

Plots of t h e  velocity  ratio u x  th rough t h e  vertical  distance y/c 
858 shown superposed on t h e  chordwise pos i t im  scale x/c . Thw, the 
developnent -of the bounaary layer   i e  shown as the flow progresses f r o g  
the leading edge t m d  the t r a i l i ng  edge of the airfoil. Figure 4 
&mws that,  at an angle of attack of 60, the  reductim of the extent of 
eeparated flow indicated by the  pressure-distribution measurements i s  
quite pranounce'd. The effectiveness of the generators in reducing the 
size of the separrated flow, however, depends upon the Bpmwise survey 
posit ian  relative t o  the generator. Ons possible  explanation of the 
spanwfse v m i a t f m  of generator  effectiveness is a localized channel- 
flow effect  of the geometry of the  generator tmtallation. Although 
the prhary factor tending t o  reduce  the  extent of sepmated flow is the 
mixing brought  about by the vortex motion, t h e  local  acceleratians at  
positian 3 due t o  the converging section betwem the  generators may be 
sufficient t o  reduce further  the  extent of separated  flow. Similarly, 
t h e  deceleratims  at   posit ion 1 may be such that the maw action i s  
not as fully effective. 

The boundary-layer  veloci  -profile  data a r e  gresented in figure 4. 

In en effort t o  increase the spenwfse effectiveness of the vortex 
mixing, the spanwise spacing was reduced t o  1 i n c h   ( c d i g u r a t i o n  11). 
HO appment gain was found in the mun l i f t  ( f i g  5(.a) ) , and f t  was 
concluded that the l i f t  was limited by turbulent  separation near the 
t ra i l ing  edge brought  about by the increased  pressure peaks near the 
leading edge. 
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Effectiveness of t he  addLti& of a second row of generators t o  
delay  turbulent sepEtraticm.- Canfiguration I wqs modified by the  addi- 
tion of a second row of vortex  generators of a larger  size (4 = 2 in. 
and cg = 1.5 in.) a t  the- 0.35~ station and designated col.rpiguraticm III. 
It was believed  that this second row of generators would inhibi t   the  
turbulent  Beparatian  that seemed t o  be indicated near the trailing edge. 
The ma~dmum l i f t  ( f ig .  5 (  a) ) was n o t .  substanti&* improved ~n thfs case 
nor was it improved by m w  the second row of vortex  generators  for- 
ward t o  o . s c  'as in configuration IV (fig.   5(a) ) .  he spacing of t he  
forward row  of generators was reduced a s  in configuration I1 in order to 
obtain  better spanwise mixing 6% the forward part of the airfoil  . The 
second row was retdned a t  o .mc . This canfiguration  (configuration V) , 
however, reduced the maximum l i f t . ( f i g .   5 ( a ) )  to a value below that of 
the p la in   a i r fo i l .  T u f t s  placed  at-the t i p  of several generators on the 
f o m d  row indicated that these airfoils ceased t o  generate  vortices 
just before the angle of' attack f o r  mEwdrmzm l i f t  so that the s-LAIJ- sti l l  
occurred as a result of separation f'ra the  leading edge of the a i r f o i l .  
Thus, the  separated  region enveloped the  vortex generators and it seemed 
appazent that larger  vortex  generators were needed. 

Effectiveness of larger  vortex  generators.- The w e  of t he  larger 
vortex  generators ($ = 2 in. and cg = 1.5 in.) in c a i v a t i o m  TI, 
VII, and =I either did not  increase  the mEbximum lift of the   a i r fo i l  
or increased it cmly s l i e t l y   ( f i g .  5(b)). It was found that t h e  auxil- 
ia ry   a i r fo i la  st i l l  failed  to  generate-vortices of sufficient strength 
a t  the  hi&er angles of attack  to  bring about  reattachmsnt of the sepa- 
rated born- l q e r  near the leading edge. Although the generators 
were able to reduce the s i z e  of the  separated regim of f low a t  the 
lower angles of attack, it appeared frm limited tuft surveys that, 
mce an angle of about go w a s  reached, the separated region enveloped 
the auxiliary airfoils and a vortex W&E no lmger generated. 

Effectiveness of sweeping forward the  front row of generators.- . 
Ln the fFnd cmfigurations  (canfigurations IX and X), the f ront  row of  
auxi l iary  a i r foi ls  was mounted a t  the leading edge of the baaic a i r f o i l  
with the  generatora swept- f0-d 4oo. The introduction of meep was 
intended t o  start the vortex and i ts  subsequent mixing aa close t o  the 
leading edge as possible. The latter  configurations, however, proved t o  
be no more effective then the other8 in regard t o  the maximum l i f t - cha r -  
ac te r i s t ics   ( f ig .   5 (c) ) .  men though the forward row of generators pro- 
duced vortices throughout the  angle-of-attack  range, as indicated by 
tufts, these  vortices were not  sufficiently strong to effect  a reattach- 
ment of the leading-edge  separation a t  the higher angles of attack. I * -  

I 
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An experhental  investigatian was made in the Lmgley low-turbulence 
tunnel of the  effectiveness of several configurations of vortex gener- 
ators in Increasing the mxim-m lift of a 6-percmt-thick Bymmetrical 
circular-arc airfoil sec t im.  L f f t  masur"bs at a Reynolds nmber 
of 2 .O X 10 asd a Mach n W e r  less than 0.2 indicated that nane of the 
ccmfiguratiom  tested  substastially'increased t h e  maxlmm lift of the 
circular-arc section ( t h e  greatest fncrease w&8 less than o .1) . 

6 

I 

Although t h e  generators  decreased  the  extent of lmal separation 
f'ram the leading edge a t  the lower angles of attack, the majority of the 
c a n f i g u r a t i m   f a t l e d   t o  produce vortfces a t  the angles of attack just 
below the e t d l  because the generators were mveloped br the aepaxated 
regim.  Even for  vortex  generators swept forward of the leading edge of 
the &foil ,  the vortices which were produced throughout the angle-of- 
attack range were not sufficiently strang t o  effect  a reattachment of 
t h e  strong.sepaxatim f r o m  the leading edge at the hLgher angles of 
attack. 
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n 

Generator  c& 
location on 

1 2 4.16 
(*) percent 

b/2, Fn. airfoil, 
sfrmfspm, Spachg, Chord, 

fn . 
canfigu- 
ration 

I 

1 10 
15 
20 
25 

i 
I 

I -  . I  
Ir 4.16 I 1  1 1 .  15 . 

1.5 
10 

4.16 
35 000 

1 
1 =5 

Iv 4.16 1 2 
25.00 - 3 

15 
10 

V 4.16 
25 .oo 

1 
3 I ;  1 

1.5 .-" 
-15. _, 

10 

4.16 10 
15 ' 

10 
10 I : '  I 2 

5 -20 
25 .oo 

3 
3 

' .2 
2 

10 
10 

15 Ix 

X 15 . 
10 . 

* Sem-Lspan measured from tho t i p  t o  the Burface of the  basic 
airfoil. 

%Generators swept forward 40° with leadtng edge of the 
generator roo t  a t  the-leadlng edge of bas ic   a i r fo i l .  
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Configuration I 

E Configuration IIr 

Cbnfiguration V 

Configuration M 

0 

Configuration 11 

E Coariguration IV 

Configuration VI 

I 

Configuration VI11 

- 
/ 

Configuration X 

Figure 1.- Vortex-generator teat configuration8 shown approximately 
t o  scale. 
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Bigure  2.- Variation of l i f t  coefficient with angle o f  attack of a 
6-percent-thick symmetrical c i r c b - a r c  a i r f o i l  section ~ i t h  and 
vithout vortex generators (configuration I). 
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Figure 3.- Chordwise surface pressure distribution on a 6-percent-thick 
symmetrical circular-arc airfoil  section with and vlthout vortex 
generators at an angle of  attack of 60 and a Reynolds number of 
2.0 x 10 . 6 
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. Figure 4.- Develapnent of the boundary layer on the upper  sur%ce of B 
6-percent-thick  eymmetrical  circular-arc alrfoi l  section at an angle 
of atlack of 60 and a Reynolde number of 2.0 X 10 6 as encountered on 
the plain alrfoil and a8 modified by the  preeence of configuration I(b) 
vortex generators, 
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Angle of attaok, deg 

(a) ~ ~ a i n  a i r fof l  and a i r fo i l  with vortex-generator 
configuratione 11,  111, IV, and v. 

6-percent-thick symmetrical circular-arc a i r fo i l  aect im equipped 
vlth various vortex-generator  configurations. 

Figure 5.- Variation of llft coefficient wi th  angle of attack for a 
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(b) P h i n  airfoil and a i r fo i l  with vortex-generator conflguratione vI(a), 
V I  (b) , .mI, and VTII . 
Piguxe 5.- Continued. 
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